Molecular genetic studies of attention-deficit hyperactivity disorder (ADHD) are a major focus of current research since this syndrome has been shown to be highly heritable. 1 Our approach has been to search for quantitative trait loci (QTL) in a genetic animal model of hyperkinesis, the Wistar-Kyoto hyperactive (WKHA) rat, by a whole-genome scan analysis. In a previous article, we reported the detection of a major QTL associated with behavioral activity in an F2 cross between WKHA and Wistar-Kyoto (WKY) rat strains.
Molecular genetic studies of attention-deficit hyperactivity disorder (ADHD) are a major focus of current research since this syndrome has been shown to be highly heritable. 1 Our approach has been to search for quantitative trait loci (QTL) in a genetic animal model of hyperkinesis, the Wistar-Kyoto hyperactive (WKHA) rat, by a whole-genome scan analysis. In a previous article, we reported the detection of a major QTL associated with behavioral activity in an F2 cross between WKHA and Wistar-Kyoto (WKY) rat strains. 2 Here, we extend our analysis of this cross by adding new genetic markers, now defining a 10 cM interval on rat chromosome 8 associated with ambulatory and exploratory activities. Then we present a replication of this QTL detection, at least for exploratory activity, by a new genetic mapping analysis of an activity QTL in an F2 cross between the WKHA and Brown Norway (BN) rat strains. Overall, the results provide compelling evidence for the presence of gene(s) influencing activity at this locus. The QTL interval has been refined such that the human orthologous region could be defined and tested in human populations for association with ADHD. Ultimately, the improved dissection of this genomic locus should allow the identification of the causal genes. With the development of a dense genetic map of the rat genome, [3] [4] [5] [6] we were able to test many new microsatellite markers between Wistar-Kyoto hyperactive (WKHA) and Wistar-Kyoto (WKY) rat strains. In total, we tested 142 markers between D8Mgh4 and the telomere of chromosome 8. Only five markers were found to be polymorphic, showing the particularly high level of homology in this region of the genome between the two strains. Our data set was reanalyzed for genetic linkage using these new markers using MAPMAKER program 7 and the results are presented in Figure 1 . Maximum LOD score was obtained for ambulatory activity over 1 h in activity cages, LOD ¼ 15.9 with 35% of the phenotypic variance explained by this quantitative trait loci (QTL), with a rise of 7 LOD units compared to our previous report. 2 The confidence interval of this QTL is now narrowed to B10 cM between D8Mit15 and ACPH markers. A similar increase was observed for the other traits related to activity including exploratory activity in an open field (LOD maximum ¼ 9.3, 21.6% of the phenotypic variance explained). However, in particular for the latter trait, one can observe two peaks in the LOD score curve. This observation can be interpreted in different ways, one of them being the presence of two linked QTLs. 7 Because of the scarcity of polymorphic markers between WKHA and WKY strains, we decided to map activity QTL in a more polymorphic cross. Because the Brown Norway (BN) rat is the most distant genetically from the Wistar-derived strains, 8 we compared its behavioral activity to WKHA and WKY rats. The three parental strains were assessed for their motor activity behavior at approximately 8 and 13 weeks of age. As illustrated in Figure 2 , WKY rats display ambulatory activity scores significantly different from BN and WKHA strains, whereas BN and WKHA rats show similar scores. Conversely, WKHA rats differ significantly from BN and WKY for exploratory activity, but BN and WKY strains display similar scores. In our previous genetic mapping study in a WKY Â WKHA F2 cross, we detected a single QTL associated with both high ambulatory and exploratory activities; therefore, in the present study, we decided to produce two F2 intercrosses, one between BN and WKHA strains and one between BN and WKY strains, in order to replicate the chromosome 8 QTL. The 213 F2 (BN Â WKHA, n ¼ 122; BN Â WKY, n ¼ 91) were assessed for their motor activity behavior over three trials at age 8, 11 and 13 weeks in activity cages as were the parental strains. As expected, the average ambulatory and exploratory activities within each F2 population decreased over time with significant differences in mean activities between trials 1 and 3 (Po0.01 for each cross and each sex). Repeated measures were significantly correlated with each other but with modest correlations (r ranging from 0.4 to 0.6).
Therefore, all measures were taken independently for genetic linkage analysis.
As expected, a large number of microsatellite markers (470%) were found to be polymorphic between BN and WKHA or WKY. We first screened chromosome 8 in the two crosses for linkage with the various activity measures. We detected no linkage in the BNxWKY F2 cross for any of the traits measured. However, in the BN Â WKHA F2 progeny, we observed a significant linkage for exploratory activity scores measured at 13 weeks of age ( Figure 3) .
To complete the analysis we scanned the rest of the genome with 109 markers, evenly spaced, for genetic linkage with the same activity traits. Among these markers, some were chosen to test specific candidate Figure 2 Activity scores in the parental strains BN, WKHA, and WKY: W8 ¼ rats at 8 weeks, W13 ¼ rats at 13 weeks of age. ** Po0.001 for both ages after Spjotvoll-Stoline post hoc testing; other mean differences were not significant except: P ¼ 0.003 for ambulatory activity of male BN vs WKHA at W13; P ¼ 0.0016 for exploratory activity of female BN vs, WKY at W13. genes as described in the Methods section. ANOVA followed by MAPMAKER/QTL multipoint analysis revealed two new loci, both associated with exploratory activity at 13 weeks of age but at a suggestive level of significance (Table 1) . One QTL, located in the region of the Drd4 locus, is transgressive since the BN allele favors a higher activity than the WKHA allele. The second locus is significant only in males and located on rat chromosome 3 close to the Dbh locus.
Overall, these new data confirm that the WKHA rat strain is a good model to dissect the molecular genetic basis of behavioral activity. We have been able to flank and thus refine the QTL interval on chromosome 8 by the addition of new genetic markers in the WKHA ÂWKY F2 cross mapping study. This QTL, named Act, was found to be associated with both ambulatory and exploratory activities. We have been able to replicate this QTL, at least for exploratory activity, in an independent cross using a different rat strain. The one-LOD support intervals found in the two crosses overlap in a B5 cM region between mD9Mit310/D8Mgh11 and D8Mit15 (Figure 4) . The Act QTL appears to be weaker in this BN Â WKHA cross than in the WKYxWKHA cross. In the latter, the two strains are very close genetically since the WKHA strain was derived from an F2 cross between WKY and SHR rats. 9 Moreover, the WKHA rat was specifically selected from the WKY rat for its difference in activity. 10 Thus, these two strains have a highly homologous genome and probably a low number of genes involved in their contrasted activity. Conversely, the BN strain, which was derived from wild rats, possesses a genetic divergence most distant from all other inbred strains 8 and was not selected for high or low activity. Therefore, it is not surprising to find the Act QTL with a more diluted effect in a cross using this strain.
There are several plausible explanations for the lack of linkage between the Act QTL and the first two trials of activity measurements. Gershenfeld and Paul 11 obtained similar results of differential linkage with repeated behavioral measures of emotivity in mice. They concluded that each assay revealed a different aspect of emotive behavior, with habituation over time being one factor contributing to differences between the trials. The same phenomenon is probably true in our situation as suggested by the decreased activity over the trials. In addition, although stringent experimental conditions were used to minimize environmental influences on our behavioral measures and despite the study of Crabbe et al 12 showing that activity is a robust behavioral measure, one cannot exclude the effect of environmental noise. This might also explain the absence of linkage between the Act locus and ambulatory activity in the BN Â WKHA cross. However, several lines of argument support the idea that two different, although closely linked, QTL in our model may influence ambulatory and exploratory activities. First, the LOD score curve for exploratory activity in the WKY Â WKHA cross shows two peaks with equivalent maximum LOD; second, as shown in Figure 2 , WKHA and BN differ markedly for exploratory but not ambulatory activity and finally, the strongest linkage for exploratory activity was found with a marker mapping at a more centromeric position than mD9Mit310, showing the maximum LOD value in the WKY Â WKHA F2 cross. Clearly, this is speculative at this stage, but the presence of clustered QTL is a situation frequently encountered in QTL mapping studies. [13] [14] [15] [16] One way to prove the existence of these two putative QTL would be the construction of congenic and subcongenic strains differing in this part of the genome. 17 Another explanation for the lack of linkage with the other measures of activity may be the relatively small number of F2 progeny tested, especially from the BN Â WKY F2 cross. Finally, the polygenic background differences between these strains may account for the lack of linkage of Act to ambulatory activity in the BN Â WKHA cross. The closest marker associated with the activity QTL in the first cross (mD9Mit310) is a mouse marker located at 60 cM on mouse chromosome 9 (MMU9). Rat chromosome 8 (RNO8) is as MMU9, an acrocentric chromosome, and it is highly homologous in gene content and order to MMU9. 6, 18 The orthologous region in human is the 3p11-3p21 region flanked by the genes RBP2 and APEH. We have no strong candidate genes to suggest for this QTL region. However, several independent studies have detected activity-related QTL in this part of the genome in mouse: using 11 BXD recombinant inbred strains, Miner and Marley 19 have found a QTL associated to basal activity near the Rbp2 marker located at 57 cM on MMU9; Mathis et al 20 have used 28 AXB recombinant inbred strains to map a QTL associated with ambulatory and rearing activity in the open field near the Bgl marker located at 66 cM on MMU9; Grisel et al 21 have analyzed methamphetamine response in 25 BXD recombinant inbred strains and have found a strong genetic linkage between ambulatory activity after 8 mg/kg methamphetamine injection and the region around 60 cM of MMU9. Thus, there are now accumulating data from independent studies and across species, strongly suggesting that gene(s) influencing behavioral activity map to this part of the genome. Now, we have undertaken gene expression profiling in WKY and WKHA strains in order to identify positional candidate genes. The two new loci, on chromosomes 1 and 3, detected in the BN Â WKHA F2 study reached the threshold of suggestive linkage as defined by Lander and Kruglyak. 22 Thus, further analysis is required to confirm these QTL. However, it is of interest that they map close to genes belonging to the dopamine system that have been associated with attention-deficit hyperactivity disorder (ADHD) in human studies. 23, 24 Overall, these data provide new candidate regions to screen for ADHD genetic studies and should help to biologically categorize different forms of hyperactivity.
Methods
A total of 282 rats (32 WKY; 18 WKHA; 19 BN; 122 F2 BN Â WKHA, 63 females and 59 males; 91 F2 BN Â WKY, 46 females and 45 males) were used in this study. All rats were produced in our laboratory except BN rats that were purchased from IFFA CREDO (L'Arbresle, France). Rats were weaned and separated by sex at 28 days of age and thereafter housed four per cage with food and water ad libitum in an animal quarter maintained at 221C under a 12 h light/dark schedule with lights on at 07:00 h. Assessment of locomotor activity behavior in activity cages was described in Courvoisier et al 25 for the F2 (WKY Â WKHA) mapping study. The same activity measures were assessed, but at age 8 and 13 weeks for the parental strains and at 8, 11 and 13 weeks for the F2 (BN Â WKHA) and F2 (BN Â WKY) rats. Ambulatory activity refers to the number of cage crossings over 60 min and exploratory activity refers to the number of rears over 60 min. Genotyping on all animals and genetic linkage analysis were performed as previously described 2 using ANOVA, MAP-MAKER/QTL 7 and MapManager QTX14 26 programs. Ten thousand permutations were performed to test signification thresholds. Overall differences among strains and trials were tested by ANOVA and repeated measure ANOVA followed by post hoc tests for significant differences using Statistica package. Activity data were normalized by log transformation and adjusted for sex (Z score). A principal component analysis was performed on the F2 (BN Â WKHA) activity measures using Statistica package. An eigenvalue 41 was retained and orthogonal rotation (varimax) was performed. Factor scores for each rat were used in MapManager to compute genetic linkage with the microsatellite markers. To test linkage with the following candidate genes: dopamine transporter (Dat), D4 dopamine receptor and tyrosine hydroxylase (Drd4, Th), dopamine beta hydroxylase (Dbh), D2 dopamine receptor (Drd2), D3 dopamine receptor (Drd3), D5 dopamine receptor (Drd5), synaptosomal associated protein (Snap-25) and thyroid hormone receptor beta (Thrb), we used, respectively, the D1Mgh2, D1Rat181, D3Rat72, D8Rat44, D11Rat37, D14Rat90, mouse D2Mit28 and D15Wox5 microsatellite markers.
